Phakopsora pachyrhizi is an obligate biotrophic plant-pathogenic fungus that is commonly known as Asian soybean rust (ASR). ASR colonizes leaf tissue and, to a lesser extent, stems and pods . Under favorable conditions, infection can result in yield losses ranging from 10% during mild disease pressure to 80% during severe epidemics (Bromfield 1984; Ogle et al. 1979; Patil et al. 1997) . To date, four major ASR resistance (R) genes have been described, but none of them have been cloned (Rpp1 [Cheng and Chan 1968; Hidayat and Somaatmadja 1977] , Rpp2 [Hidayat and Somaatmadja 1977] , Rpp3 [Bromfield and Hartwig 1980; Singh and Thapliyal 1977] . and Rpp4 [Hartwig 1986]) . The effectiveness of these R genes is limited by virulent ASR isolates that are able to overcome each of them (Bonde et al. 2006; Miles et al. 2006) . For this reason, the use of genetic resistance has not yet been successful and the only control method is the timely application of fungicides. Incompatible interactions mediated by Rpp1 have an immune phenotype , whereas resistances conferred by the other three R genes are characterized by limited fungal growth and sporulation and the formation of reddish-brown lesions (Bonde et al. 2006) . Compatible interactions typically are characterized by tan-colored lesions with fully sporulating uredinia (Bromfield 1984; Bromfield and Hartwig 1980; Miles et al. 2006) .
The typical ASR lifecycle begins when asexual urediniospores germinate and form a germ tube within 1 to 2 h after inoculation (hai) when incubated in a dark, humid environment at conducive temperatures (Bonde et al. 1976 ). The tips of germ tubes then swell to form appressoria over anticlinal walls of epidermal cells within 2 hai (Bonde et al. 1976; Koch et al. 1983 ). An appressorial cone forms inside the appressorium by 7 hai and then a penetration hypha directly traverses the epidermal cell. When the penetration hypha emerges into the intercellular space below the epidermal cell, a septum is formed by 15 to 20 hai, producing a primary hypha (Koch et al. 1983; Sato and Sato 1982) . The penetrated epidermal cell loses cellular organization within 24 hai and collapses by 4 days after inoculation (dai) (Koch et al. 1983; Yang 1991) . The primary hyphae grow between spongy mesophyll cells and occasionally form haustorial mother cells that give rise to globose haustoria (i.e., the specialized organs that form between the plant cell wall and plasma membrane through which the fungus obtains nutrients and secretes effector proteins (Hahn et al. 1997; Staples 2000 Staples , 2001 Voegele and Mendgen 2003) . The first haustoria typically are formed between 24 and 48 hai (Koch et al. 1983; Yang 1991) . Upon successful completion of these events, the fungus proceeds to further colonize the intercellular spaces of the spongy mesophyll by producing secondary hyphae and additional haustoria (Yang 1991) . Hyphae aggregate to form uredinial primordia in which urediniospores differentiate at 7 to 9 dai (Marchetti et al. 1975) . Urediniospores are released by rupture of the epidermis at 9 dai and uredinia will actively disseminate urediniospores for up to 4 weeks (Koch et al. 1983; Marchetti et al. 1975) . Microscopic analyses of ASR infection have suggested that the timing of early disease events is similar in susceptible and Rpp2-resistant soybean genotypes up to 2 dai (Hoppe and Koch 1989) . After 2 dai, mycelial development was associated with localized host cell death, resulting in collapse of adjacent fungal hyphae in the Rpp2 genotype (Hoppe and Koch 1989) . Because of this host response, development of uredinia on resistant soybean lines is delayed and uredinia senesce 2 to 4 days earlier than in fully susceptible genotypes (Marchetti et al. 1975; McLean 1979) .
Although microscopic studies have carefully detailed the infection and development of ASR within resistant and susceptible soybean genotypes, there currently is very little information about the molecular events of the compatible and incompatible interactions. As a starting point for understanding key molecular mechanisms that underlie ASR disease and defense, we designed an experimental approach to determine the effects of ASR infection on the abundance of soybean mRNAs in both susceptible and resistant genotypes using the GeneChip Soybean Genome Array. Sampling time points were chosen to coincide with the events of ASR infection that were outlined above in order to correlate host gene expression with crucial stages of fungal infection in the Rpp2-resistant genotype PI230970 and the highly susceptible genotype Embrapa-48.
RESULTS

Experimental design and verification of ASR infection.
To assess soybean gene expression in resistant (PI230970, Rpp2) and susceptible (Embrapa-48) plants, RNA was extracted from leaves of two plants that had been inoculated with an ASR urediniospore suspension or a mock solution without spores. mRNA profiling was conducted at 6, 12, 18, 24, 36, 48, 72, 96, 120 , and 168 hai, spanning ASR development up to the formation of uredinia. The appearance of reddish-brown lesions on the underside of resistant leaves (Fig. 1A) and similar numbers of tan-colored lesions on susceptible leaves (Fig. 1B) confirmed the phenotypes expected for the compatible and incompatible interactions, respectively. Successful fungal infection also was verified by measuring the abundance of a constitutively expressed ASR α-tubulin mRNA in the RNA samples over time (Fig. 2) . Quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) assays demonstrated that similar quantities of ASR α-tubulin transcripts were present in Embrapa-48 and PI230970 up through 96 hai. Beginning at 120 hai, the ASR α-tubulin transcript abundance dramatically increased in the susceptible genotype, indicating prolific fungal growth and colonization. In contrast, the ASR α-tubulin transcript increased only moderately after 96 hai in Rpp2 leaves, confirming a successful resistance response. These results demonstrate that ASR infection was successful in this experiment and that the selected soybean genotypes had the expected ASR infection phenotypes.
Biphasic expression of soybean genes in response to ASR.
The abundance of soybean mRNAs was assayed using the GeneChip Soybean Genome Array, which contains >37,500 probe sets representing 35,611 soybean transcripts. Each probe 2 . Differential accumulation of Asian soybean rust (ASR) α-tubulin mRNA transcripts in susceptible ( ) and resistant (∇) soybean leaves (mean ± standard error of the mean, n = 3). Transcript levels of Phakopsora pachyrhizi α-tubulin in ASR-infected leaves during the infection time course and plotted relative to soybean ubiquitin-3 expression levels as determined by quantitative reverse-transcriptase polymerase chain reaction; hai = h after inoculation.
set is made up of 11 individual oligonucleotide probes, and 89% of these probe sets hybridize specifically to a unique sequence in the soybean genome. Therefore, the majority of probe set hybridization results represent mRNA abundance corresponding to individual soybean genes.
All data obtained in this study were deposited in the ArrayExpress database (accession number E-TABM-230) (Parkinson et al. 2007 ) and the Plant Expression database (PLEXdb, accession number GM2) (Wise et al. 2007) . The data from infected samples from each genotype were analyzed with respect to their corresponding mock-inoculated samples. A linear model statistical analysis used to identify significant mRNA abundance changes revealed 1,516 and 894 probe sets at the 5% false discovery rate (FDR) (q ≤ 0.05 derived from P values < 0.0025) in susceptible and resistant plants, respectively (Supplementary Tables 1 and 2 ). More detail on our linear model analysis is provided below and by Nettleton (2006) . At the 5% FDR, 470 probe sets identified significant gene expression changes in both genotypes, whereas 1,046 and 424 probe sets were unique to either the susceptible or the resistant genotypes, respectively. The probe sets that are unique to each genotype do not necessarily represent genes that change expression only in resistant or susceptible responses. In order to maintain the FDR at 5%, it is inevitable that some truly differentially expressed genes will go undetected in each comparison.
To visualize how expression of these genes was affected by ASR infection, we performed a hierarchical clustering analysis of the 470 probe sets that changed expression following ASR infection in both genotypes at the 5% FDR (Fig. 3 ). This analysis indicated that differential gene expression peaked within 12 hai in both genotypes. By 24 hai, few of the genes were expressed differently from the noninoculated controls in either genotype. However, a second phase of strong differential soybean gene expression was observed in both genotypes at later stages of infection, which started earlier in the resistant genotype than in the susceptible genotype.
To validate this observation of biphasic differential gene expression statistically, we performed separate linear model analyses by time frame. The number of ASR-responsive probe sets at the 5% FDR was determined in early infection (germination and penetration from 6 to 36 hai), middle infection (haustoria formation and initial growth of intercellular, secondary hyphae from 36 to 72 hai), and late infection (colonization, lesion or uredinia formation from 72 to 168 hai) (Fig. 4) . Because this statistical analysis is different from the whole time course analysis described above, the total numbers of genes identified cannot be expected to be the same. Consistent with the results obtained by hierarchical clustering, many ASR-responsive genes were differentially regulated during early infection, with 879 probe sets in the susceptible genotype and 240 in the resistant genotype at the 5% FDR. During midinfection, only 16 and 5 probe sets were expressed at significantly different levels in infected tissue compared with the mock in the susceptible and resistant plants, respectively. In the late stages of infection, gene expression in infected plants again diverged significantly from the mock control, and 180 and 238 ASR-regulated probe sets were identified in the susceptible and resistant genotypes, respectively. In-depth analyses of the hierarchical clustering analysis of the 470 probe sets that changed expression following ASR infection in both genotypes (Fig. 3) revealed that there were temporal differences in gene expression between the two genotypes at the late infection time frame. Through 48 hai, the expression profiles of the 470 common ASR-regulated probe sets were very similar. However, the two genotypes had distinct differences in the expression of these genes beginning at the 72 hai time point. At this time, the majority of the genes were induced in the resistant genotype, whereas they were not induced in the susceptible genotype until 96 hai. To quantify this observation, we performed hierarchical cluster analyses of these 470 probe sets specifically on the early (6 to 36 hai) and late (72 to 168 hai) infection time frames (Supplementary Table  3 ). This analysis placed each of the 470 common probe sets into one of 25 clusters with distinct expression profiles. At the 6 to 36 hai time frame, 62% of the probe sets were placed into the same cluster in each of the two genotypes, demonstrating that these probe sets had similar expression profiles. In contrast, only 6% of the common probe sets had similar expression profiles over the 72 to 168 hai time frame. These findings confirm that there are distinct biphasic responses over time to ASR in the resistant and susceptible genotypes.
Functional annotation of ASR-regulated genes.
The functional annotation of the ASR-regulated gene list was retrieved from the SoyBase website, which also supplies probe set matches to homologous Arabidopsis genes, including the associated gene ontology (GO) terms (E value ≤ 10 -4 ; discussed below). Fisher's exact test was used to obtain an overview of GO functional classes that were significantly over-or underrepresented in the gene lists from the resistant and susceptible genotypes (Drăghici et al. 2003; Fisher 1966 ). This analysis revealed that, in both soybean genotypes, the GO functional classes of defense responses, secondary metabolism, transcription and regulation, and transport were overrepresented (Table  1 ). In the resistant genotype, uniquely overrepresented genes belonged to the transcription functional class. On the other hand, underrepresented functional classes (i.e., those genes that change gene expression less frequently than expected to occur at random) included the GO functional class of translation.
At least one gene representative of the GO functional classes defense responses, secondary metabolism, transcription and regulation, transport, and unknown categories was selected for qRT-PCR. The fold changes determined for each of these genes by qRT-PCR and microarray analysis are shown for 12 and 168 hai in Table 2 for both the susceptible and resistant soybean genotypes. The qRT-PCR-determined fold change of the selected qRT-PCR target genes generally was congruent to the microarray-determined gene expression changes.
Secondary metabolism.
Because the statistical analysis of functional classes showed an overrepresentation of genes associated with secondary metabolism (Table 1) , we examined the flavonoid biosynthetic pathways that are involved in plant defense responses through production of various phytoalexins and cell wall-reinforcing metabolites (Hahlbrock and Scheel 1989; La Camera et al. 2004) . In general, the expression of these genes increased significantly during early infection in both soybean genotypes. However, by 24 hai, the expression of most genes had returned to mock control levels (i.e., no differential gene expression) (Fig. 5) . Later in infection, gene expression diverged again, but with distinct kinetics in the two interaction types. The increased expression of these genes occurred at least 1 day earlier in resistant plants compared with the susceptible plants (Fig. 5) . The profiles of these flavonoid biosynthetic genes are consistent with the general finding that differential gene expression occurred primarily in the early and late stages of ASR infection (Fig. 4) .
Differential expression of transcription factors.
The overrepresentation of transcription factor genes in gene lists from resistant plants led us to further investigate their identities and expression profiles in both interaction types (Table  3) . We found that 127 probe sets corresponding to transcription factors are differentially regulated in ASR-infected leaves, and over half (70) of these transcription factor probe sets belong to classes associated with defense and stress responses (Rushton and Somssich 1998; Singh et al. 2002) . Interestingly, 46 of these defense-associated transcription factor probe sets belong to the WRKY class of transcription factors, indicating the importance of these proteins in the response to ASR infec- tion. In all, 127 probe sets on the Soybean Genome Array were assigned to the WRKY transcription factor family, and approximately one-third (46) of them are differentially regulated at the mRNA level in response to ASR. Of the 46 ASR-regulated WRKY probe sets, 24 changed expression significantly in both the compatible and incompatible interaction, whereas gene expression changes in 18 probe sets were significant in the incompatible interaction and only 4 ASR-regulated WRKY probe sets changed significantly in the compatible interaction. Several WRKY transcription factors are differentially regulated in other host-pathogen interactions, and play important roles in mediating host defense responses (Eulgem 2005; Wang et al. 2005; Zhang and Wang 2005) . Therefore, we further investigated the expression profiles of these 46 WRKY transcription factor probe sets by hierarchical clustering (Fig. 6 ). This analysis shows that several of the WRKYs have expression profiles consistent with other defense and secondary metabolism genes, because they were induced at the early time frame and subsequently returned to mock levels. The expression again diverged from mock later in infection and approximately 1 day earlier in the resistant plants than in the susceptible plants. In addition, some WRKY transcription factors show the opposite of this profile by being downregulated early in infection and returning to mock levels before being downregulated again later in infection, whereas some others appear to be constitutively induced or repressed during ASR infection. These upand downregulated WRKY transcription factors suggest complex positive and negative regulation of soybean defense pathways that will be important to investigate further through functional assays (Fig. 6) .
DISCUSSION
Time course analysis identifies biphasic soybean responses to ASR infection.
To assess the effects of ASR infection on the soybean transcriptome, we infected resistant (Rpp2) and susceptible soybean plants with P. pachyrhizi. Successful infection was verified by the appearance of visual symptoms on inoculated plants from 6 through 11 dai (Fig. 1) . In addition, fungal α-tubulin mRNA transcripts were quantified from 2 dai through 11 dai (Fig. 2) . Similar accumulation of ASR α-tubulin mRNA was detected in both interaction types through 96 hai, followed by a dramatic increase in the susceptible genotype at 5 dai and continuing through 11 dai. This was in contrast to the modest increase in ASR α-tubulin mRNA accumulation that occurred in the resistant plants through 11 dai, which showed that Rpp2-mediated defense mechanisms were successful in reducing the rate of fungal colonization and proliferation. The slow increase in the Fig. 3 . Changes in soybean gene expression during early and late infection stages demonstrate a biphasic response to Asian soybean rust (ASR). Hierarchical clustering was used to group the 470 ASR-regulated probe sets identified in common to both susceptible and resistant genotypes at the 5% false discovery rate. Each of the 470 rows represents a probe set on the Soybean Genome Array and each column represents the indicated sampling time. Black boxes represent no change in gene expression compared with the uninfected mock treatment, magenta indicates upregulation, and green indicates downregulation. More intense colors represent greater fold change. accumulation of fungal α-tubulin mRNA transcripts in Rpp2 plants was consistent with the reduced amounts of uredinia per lesion, reduced number of spores produced per uredinium, later maturity of uredinia, and earlier senescence that have been reported previously (Bonde et al. 2006; Bromfield 1984) . Thus, in our experiment, ASR made a developmental transition between 96 and 120 hai from slow growth to rapid proliferation within leaves of the susceptible host that was prevented in the Rpp2 plants. Similar results recently were reported for poplar rust, yet differential rust accumulation in this pathosystem was observed starting at 48 hai (Rinaldi et al. 2007) .
As with the pattern of fungal growth, the expression of soybean genes was similar in the resistant and susceptible plants during early infection. Gene expression in the two interaction types diverged later in the time course, beginning at approximately 72 hai. The onset of differential gene expression was approximately 1 to 2 days earlier in the resistant plants than in the susceptible plants relative to their respective mock-inoculated controls. These data demonstrate that differential gene expression occurred between the two interaction types as expected. In addition, these results indicate that Rpp2 mediates the recognition of this ASR isolate some time prior to 72 hai. Hierarchical cluster analysis supported the observation that many ASR-regulated genes respond early during the infection (6 to 36 hai), followed by a period (24 to 72 hai) in which expression levels return to mock levels, and a new divergence in gene expression during late infection (72 to 168 hai). The conclusions from this pattern analysis were validated when the statistical analysis was broken down into early, intermediate, and late time frames. This analysis demonstrated that most genes with differential expression patterns were significantly induced early in the infection process. During the intermediate time points, only very few genes were differentially expressed in either genotype relative to mock-inoculated plants. A second round of major gene expression changes occurred later in infection in both the resistant and susceptible genotypes.
Compatible soybean-pathogen interactions involving Phytophthora sojae, soybean cyst nematode, and Pseudomonas syringae pv. glycinea also provide evidence for early defenselike responses to pathogen infection (Alkharouf et al. 2006; Ithal et al. 2007; Moy et al. 2004; Zabala et al. 2006; Zou et al. 2005) . Similarities in the expression profiles of host genes at very early stages of compatible and incompatible interactions also have been observed in other fungus-plant interactions. Caldo and associates (2004) performed a time course analysis of compatible and incompatible interactions between barley and barley powdery mildew (Blumeria graminis f. sp. hordei). Over the first 16 hai, the authors observed similar gene expression profiles in the compatible and incompatible interactions. At subsequent time points, the expression profiles of many genes diverged, with further induction or constant expression in the incompatible interactions but with reduced expression in the compatible interaction. The timing of this divergence corresponded with the well-established kinetics of haustoria formation by B. graminis f. sp. hordei (Caldo et al. 2004 ). Boddu and associates (2006) infected barley spikes with Fusarium graminearum and profiled barley mRNA from 24 to 144 hai. In this compatible interaction, differential expression of host genes beginning at 48 hai generally was observed. It would be interesting to know whether F. graminearum also induces transient changes in host gene expression within the first 24 hai, as observed in our study.
The early responses to ASR that occur in both interaction types suggest a nonspecific recognition of ASR and activation of basal soybean defenses. This nonspecific recognition may be activated by microbe-associated molecular patterns (MAMPs) (Mackey and McFall 2006 ) that mediate activation of basal defenses, which has been described in other systems (Alkharouf et al. 2006; Bernardo et al. 2007; Caldo et al. 2004; Iqbal et al. 2005; Moy et al. 2004; Pritsch et al. 2000) . Examples of potential MAMPs presented to the soybean plant include chitin fragments or other molecules of fungal origin that are generated by hydrolytic plant enzymes (Baureithel et al. 1994; Kaku et al. 2006; Mithöfer et al. 2000; Shibuya et al. 1993; Yamaguchi et al. 2000) . Another set of potential nonspecific signals may be derived from the activities of the fungus on the plant cell wall as it penetrates through and kills epidermal cells in both interaction types. Signals generated as a result of this action might include hydrolytic products of the plant cell wall generated by fungal hydrolases or by action of plant defensive enzymes (Bruce and West 1982; Davis and Hahlbrock 1987; Enkerli et al. 1999; Ron and Avni 2004; Ryan et al. 1986 ). Signals emanating from these epidermal cells may influence the response of neighboring plant cells, as has been observed in powdery mildew infection of cereals. B. graminis f. sp. tritici infection of wheat caused increased expression of defenserelated transcripts in mesophyll cells bordering infected epidermal cells (Bruggmann et al. 2005 ). Gjetting and associates (2007) studied gene expression in B. graminis f. sp. hordeiinfected barley epidermal cells and neighboring noninfected epidermal cells and showed that both cell types responded to pathogen infection at 18 hai.
Lack of differential soybean gene expression at intermediate stages of ASR infection.
A fascinating aspect of this study is the quenching of divergent expression of ASR-regulated genes in both host genotypes during the intermediate stages of ASR infection. The expression of nearly all host genes that were differentially regulated at the early time frame returns to mock-inoculated levels by 24 hai. This low level of activity lasts for 3 days in the susceptible plants and corresponds to time points at which ASR α-tubulin mRNA accumulation remains at a relatively low level (Fig. 2) . It seems unlikely that low fungal growth is sufficient to explain the lack of host responses during this period of time, because ASR has been reported to form haustoria between 24 and 48 hai and to begin establishing secondary hyphae (Koch et al. 1983; Sato and Sato 1982; Yang 1991) . Therefore, the formation of haustoria would result in numerous host cells in a leaf with significant direct interactions with ASR during this period.
Another plausible explanation for the lack of differential gene expression at the intermediate time frame is that ASR actively inhibits the early host responses in both of the interaction types. Haustorium-forming fungi and oomycetes secrete many proteins during the parasitic stage of host infection, both inside the extrahaustorial matrix and inside the plant cell (Catanzariti et al. 2007 ). Presumably, these proteins enable these pathogens to obtain nutrients, to direct host responses, or to avoid being detected by the host (Birch et al. 2006; Ellis et al. 2006; Voegele and Mendgen 2003) . In incompatible interactions, detection of some of these effectors (Avr proteins) is believed to occur by either direct (receptor-ligand model) or indirect recognition (guard hypothesis) by a specific host R protein, which generally triggers a rapid activation of host defenses (Dangl and Jones 2001) . Secreted proteins from flax rust (AvrL567) (Dodds et al. 2004 ) and broad bean rust (RTP1) (Kemen et al. 2005 ) are delivered directly into host cells through the extrahaustorial membrane. The oomycete Phytophthora also forms haustoria and secretes molecular signals, some of which are targeted to the host cytoplasm, to reprogram molecular host defenses (Birch et al. 2006) . The response of resistant plants at 72 hai suggests that the elicitor of Rpp2-mediated resistance is recognized prior to this time, which appears to lead to a derepression of host defenses if this model is correct. Although the model that ASR actively suppresses host defense responses through the action of effector proteins secreted by the haustoria is attractive, our data suggest that suppression of host responses already was occurring by 18 hai, which is before the time that ASR haustoria are known to form (Koch et al. 1983; Yang 1991) . For example, the expression of most flavonoid biosynthetic genes peaks at 12 hai within the early time frame (Fig. 5) . This observation may suggest that haustoria can form earlier than in the published literature or that ASR can secrete counterdefensive molecules prior to forming haustoria or that the fungus simply goes undetected once it passes through the epidermis. Regardless of which scenario is correct, these data demonstrate a need for more detailed microscopic examination of the rust infection process in conjunction with host gene expression analyses, which currently are underway.
Potential biological roles of ASR-regulated genes.
Pathogen recognition and signal transduction. Many of the genes regulated by ASR infection previously have been associated with induced plant defenses and may have roles as components of signaling pathways or as effectors of resistance (Bernardo et al. 2007; Caldo et al. 2004 Caldo et al. , 2006 Eulgem et al. 2004; Golkari et al. 2007; Iqbal et al. 2005; Pritsch et al. 2000; Rinaldi et al. 2007; Venisse et al. 2002) . A number of genes with potential regulatory functions in recognition, signal transduction, and transcription are induced (Table 1) . Interestingly, most of these genes are differentially expressed in a biphasic manner. The WRKY transcription factors are examples of particular interest because they are significantly overrepresented in our data set (Table 3) . WRKY transcription factors change host gene transcription to modulate defenses (Eulgem 2005; Singh et al. 2002) . In Arabidopsis, specific WRKY transcription factors are induced rapidly in an NPR1-dependent manner following pathogen recognition (Wang et al. 2006) . NPR1 it- Fig. 6 . Expression profiles of 46 Asian soybean rust-responsive WRKY transcription factor probe sets in susceptible and resistant genotypes. Hierarchical clustering was used to group genes according to the similarity of their expression profiles, which are shown in the heat map. Each row represents a probe set on the Soybean Genome Array and the Arabidopsis homolog (BLAST E value ≤ 10 -4 ; · indicates no homolog was found and --indicates the Arabidopsis homolog did not contain a WRKY domain) and each column represents the indicated sampling time. Black boxes represent no change in gene expression compared with the uninfected mock treatment, magenta indicates upregulation, and green indicates downregulation. More intense colors represent greater fold change.
self is inducible (Yu et al. 2001 ) and, consistent with this, we found that a soybean NPR1-like sequence represented by probe set GmaAffx.44705.1.S1_at is induced by ASR infection in incompatible interactions at the 2% FDR. The WRKY transcription factors have both positive and negative regulatory functions that control expression of additional downstream plant effectors of resistance, such as pathogenesis-related genes. There are at least 109 unique WRKY transcription factors in soybean (Zhang and Wang 2005) ; however, the functions of particular soybean WRKY transcription factors are currently unknown. These up-and downregulated WRKY transcription factors suggest complex positive and negative regulation of soybean defense pathways that will be important to investigate further through functional assays.
A variety of other genes of potential interest in soybean defense signaling are induced as well. We find that ASR causes differential gene expression of receptor-like kinases, various Ca 2+ transporter genes, calcium-dependent protein kinases (CDPKs), and mitogen-activated protein kinases (MAPKs), as well as oxidative stress-associated genes such as peroxidases and glutathione S-transferases. Specific signaling pathways appear to be activated upon pathogen recognition in both compatible and incompatible interactions, and these pathways may include changes in free Ca 2+ levels, the production of reactive oxygen species, and the post-translational activation of MAPK cascades. These pathways have been associated with the activation of innate immune responses during early infection processes (Garcia-Brugger et al. 2006; Nürnberger et al. 2004) .
Metabolic response. A dramatic shift in the expression of genes of the phenylpropanoid pathway is observed in ASR infection. The enzymes encoded by these genes produce defense-related secondary metabolites, which are created through numerous hydroxylation and methylation steps from phenylalanine by cytochrome P450 hydroxylases (CYPs) and O-methyltransferases (OMTs), respectively (Fig. 5) (La Camera et al. 2004 ). Many ASR-regulated CYPs also are classified with electron transport functions (GO:0006118) and, thus, their involvement in the phenylpropanoid pathway also may cause the overrepresentation of electron transport functions. The phenylpropanoid pathway is involved in the biosynthesis of phytoalexins and antimicrobial compounds, including diadzein, genistein, glyceollin, tannins, and cell-wall-reinforcing compounds such as lignans and lignins (Abbasi et al. 2001; Chang et al. 1995; Chiang and Norris 1983; Hahlbrock and Scheel 1989) . In both resistant and susceptible plants, mRNAs encoding these enzymes were induced during the early, general defense response against ASR infection, but most genes returned to mock levels by 24 hai. A second induction of the phenylpropanoid pathway occurred during late stages of infection, and the onset was at least 1 day earlier in resistant plants. Temporal changes in gene expression of phenylpropanoid pathway genes also were observed in compatible and incompatible P. syringae pv. glycinea interactions (Zabala et al. 2006) .
Transport. Genes associated with various transport processes are overrepresented in the ASR dataset. There are four genes involved in ammonium (NH 4 + ) transport represented on the soybean genome array. Ammonium is bound to trans-cinnamate by phenylalanine ammonia-lyase (PAL), the key regulatory enzyme of the phenylpropanoid pathway, to form L-phenylalanine. Three of the four NH 4 + transporters were induced in the resistant genotype and two in the susceptible genotype in a temporal pattern that resembles the expression profile of two PAL genes and other genes involved in the phenylpropanoid pathway.
Recent studies of B. graminis f. sp. hordei-challenged barley leaves found upregulation of genes involved in carbohydrate transport (Caldo et al. 2006; Gjetting et al. 2007 ). We examined our data for carbohydrate transport functions (GO:0008643) and found that 15 of the 71 probe sets of this class that were represented on the soybean genome array were differentially regulated by ASR infection, with the majority being observed in the compatible interaction (P value < 0.05) ( Table 1) . These genes encode components of a sugar transporter superfamily and monosaccharide transporters, including a sorbitol transporter, as well as genes encoding sugar metabolism enzymes (including citrate synthase, isocitrate dehydrogenase, fructose-1,6-bisphosphatase, UDP-arabinose 4-epimerase, and trehalose-6-phosphate synthase). The largest induction occurred at 12 hai, after which expression levels returned to mock levels. The induction of sugar transport genes during late stages appeared to be stronger in the susceptible genotype and may help to provide nutrients to the fungal infection.
Conclusion.
To gain insight into the molecular interaction between ASR and its soybean host, we assessed gene expression in resistant and susceptible plants over the course of infection from inoculation to symptom development. Soybean gene expression was induced from 6 to 12 hai; however, unexpectedly, the expression of most host genes returned to mock levels by 24 hai in both the compatible and incompatible interactions. The number of differentially expressed genes remained low during a time when fungal growth also remained low. We hypothesize that timely activation of subsequent defense responses in the resistant genotype prevented the fungus from the rapid growth that was observed in the susceptible genotype at the later time points. The genes identified here provide an extensive list of candidate genes that regulate or affect soybean defense mechanisms or are involved in mediating the successful establishment of this pathogen in soybean leaves. These genes can be tested for their functions in ASR infection as well as for their functions in other soybean-pathogen interactions using recently developed tools for functional analyses (McCallum et al. 2000; Slade and Knauf 2005; Zhang and Ghabrial 2006) .
MATERIALS AND METHODS
Experimental design and inoculation.
A Brazilian isolate of ASR (verified by PCR analysis) was collected from soybean fields in 2002 in the state of Mato Grosso near the cities of Rondonopolis and Primavera do Leste and maintained for over 10 generations on the susceptible cv. BRS154 in a separate greenhouse at Embrapa-soja in Londrina, Brazil. The Embrapa-48 genotype was used as a susceptible host plant, which develops a susceptible (tan) lesion after ASR infection, and PI230970 was used as a resistant host, which contains the ASR resistance gene Rpp2 and develops a reddish-brown lesion type (Fig. 1) . Urediniospores of the ASR isolate were collected and resuspended to 1.1 × 10 5 spores/ml in sterile distilled water containing 0.5% Tween-20. Three plants per pot were inoculated at the V6 to V8 growth stage (Fehr and Caviness 1977) by misting approximately 9 ml of spore solution onto the top surface of the leaves. The same solution minus spores was used for the mock inoculations. The inoculations were performed in the evening beginning at 1800 h to allow the infection process to occur in the dark. Following the ASR or mock inoculations, water-misted bags were placed over all plants for 2.5 days to aid the infection process and to prevent cross-contamination of mock-infected plants. The fifth trifoliolate leaves of two plants were collected for microarray analysis during the first 7 days of infection, as well as at 11 dai to assess fungal accumulation in infected plants. The experiment followed a randomized complete block design with the three replicates as blocks and with a full factorial treatment structure with three treatment factors. The three treatment factors were the time (10 levels), genotype (resistant or susceptible), and infection type (ASR or mock).
Tissue collection and RNA isolation.
The three leaflets of the fifth trifoliolate leaf of two plants were collected at 6, 12, 18, 24, 36, 48, 72, 96, 120 , and 168 hai and immediately frozen in liquid nitrogen and stored at -80°C. Leaf tissue was ground in liquid nitrogen, and RNA was extracted using 1 ml of RNAwiz (Ambion, Austin, TX, U.S.A.). After precipitation of RNA in 2-propanol, the samples were stored at -80°C and then shipped to Iowa State University, where the extraction protocol was completed and the RNA samples were resuspended in 100 μl of diethyl pyrocarbonate (DEPC)-treated water containing RNAseOUT (Invitrogen, Carlsbad, CA, U.S.A.) at 2 U/μl. RNA samples were further purified by precipitation in 2 M lithium chloride (final concentration) (Ausubel et al. 1994 ) followed by RNeasy column purification (Qiagen, Valencia, CA, U.S.A.) and elution in 30 μl of DEPC-treated water.
Assessment of fungal mRNA accumulation.
Fungal growth was assessed by quantifying the constitutively expressed ASR α-tubulin gene (R. D. Frederick, personal communication) by TaqMan qRT-PCR (Table 4 ; primer and TaqMan probe sequences). The iScript One-Step RT-PCR kit for probes (Bio-Rad, Hercules, CA, U.S.A.) was used according to the manufacturer's protocol with 50 ng of RNA, 300 nM final concentration primers, and 150 nM probe in the following RT-PCR program: cDNA synthesis for 10 min at 50°C, iScript reverse transcription inactivation for 5 min at 95°C, PCR cycling at 95°C for 10 s, and data collection for 30 s at the extension temperature of 60°C for 45 cycles. Expression data were normalized to the soybean ubiquitin-3 gene (GenBank accession number gi 456713, dbj D28123.1), which showed no evidence for differential expression in our experiments.
Microarray labeling, hybridization, and scanning.
RNA samples were adjusted to a concentration of 0.6 μg/μl and soybean mRNA transcript abundance was measured using the GeneChip Soybean Genome Arrays (Affymetrix, Santa Clara, CA, U.S.A.). RNA concentration and quality were determined using a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, U.S.A.) and by RNA Nano LabChip on a 2100 Bioanalyzer (Agilent Technologies, Inc., Palo Alto, CA, U.S.A.). All steps in labeling, hybridization, and scanning were performed at the Iowa State University GeneChip Facility. Synthesis of labeled target cRNA used 5 μg of total RNA and was performed using the GeneChip One-Cycle Target Labeling and Control Reagents kit (Affymetrix) according to the manufacturer's instructions. Fragmented cRNA (10 μg) was hybridized to GeneChip Soybean Genome Arrays (Affymetrix) according to the manufacturer's instructions. Quality of fragmented cRNA was verified on an Agilent 2100 BioAnalyzer equipped with an RNA Nano LabChip. Washes were performed using the EukGE-WS2v5_450 washing protocol, and microarrays were scanned with a GCS3000 7G scanner (Affymetrix).
Statistical analysis of microarray data.
The base 2 logarithm of MAS5.0 signals were median centered so that the median log-scale expression measure for each GeneChip was zero. Linear model analysis of these normalized log-scale expression measures was performed separately for each gene using SAS (version 9.1; SAS Institute, Cary, NC, U.S.A.). Each linear model included fixed replication effects and fixed effects for times, genotypes, infection types, and all possible interactions between these three factors of interest. SAS contrast statements were used to obtain P values from F statistics for the tests of infection type main effect and infection type-time interaction effect within each genotype. These tests were used to determine, respectively, whether there was significant evidence of an expression difference between infection types when averaging over time within each genotype and whether there was significant evidence that the pattern of expression over time differed with infection type within each genotype. Together, these tests were used to search for genes whose expression differs in some manner (either in level, pattern over time, or both) between infection types within each genotype. A q value was computed for each P value using the method described by Storey and Tibshirani (2003) . The q values were used to produce lists of differentially expressed genes with estimated FDRs of 5%. Hierarchical clustering in R programming language for statistical computing using the Agnes function was performed on the standardized base 2 logarithm of fold change in gene expression on various data sets according to test results. Hierarchical clustering using Pearson correlation with complete linkage in GeneSpring GX (Agilent Technologies, Inc.) was performed for clustering the base 2 logarithm of the fold change in gene expression of the ASR-regulated WRKY transcription factor probe sets (Fig. 6) .
Gene annotation.
The ASR-regulated genes were annotated using the Affymetrix GeneChip Soybean Genome Array Annotation page developed as part of SoyBase and The Soybean Breeder's Toolbox. The website allows users to upload a file of probe set identifiers and download the corresponding available annotation data. The provided annotation data was generated by comparing the Soybean Genome Array consensus sequences, from which the probe sets were designed, with three different sequence databases using BLASTX (Altschul et al. 1997) at an E value cutoff of 10 -4 . First, the consensus sequences were compared with the UniProt protein database (version June 2006) (Apweiler et al. 2004 ) and the top three hits were reported, including a description of the hit, the percent overlap between the query and the hit, the percent amino acid identify, and the E value. Second, the consensus sequences were compared with the Pfam protein database (version June 2006) (Bateman et al. 2004) , reporting the top hit and corresponding E value. Finally, the consensus sequences were compared with the predicted coding sequences from the Arabidopsis thaliana genome (The Arabidopsis Information Resource [TAIR], TAIR6_cds_ 20051108). The TAIR GO and GO slim annotations (Berardini et al. 2004) are provided for each A. thaliana sequence identified.
qRT-PCR analysis of soybean genes.
Expression levels of selected probe sets were quantified by qRT-PCR analysis using iScript One-Step RT-PCR kit with SYBR Green (Bio-Rad, Hercules, CA, U.S.A.) according to the manufacturer's protocol. RNA (10 ng) was used in the following RT-PCR program: cDNA synthesis for 10 min at 50°C, iScript reverse transcription inactivation for 5 min at 95°C, PCR cycling at 95°C for 10 s, data collection for 30 s at the extension temperature (Table 4 lists annealing and extension temperature and number of cycles), and ending with a standard melt curve analysis. Relative quantification was performed using the standard curve method, and transcript accumulation of each gene was normalized to the quantity of constitutively expressed soybean ubiquitin-3 gene, which does not respond to ASR infection. The fold change was calculated by dividing the relative expression level of the ASR-infected sample by the corresponding mock-inoculated sample. These values were transformed by the log of base 2 to generate the relative fold change for each probe set.
